The amino acid sequence of Leishmania mexicana triose phosphate isomerase is unique in having at position 65 a glutamic acid instead of a glutamine. The stability properties of LmTIM and the E65Q mutant were investigated by pH and guanidinium chloride-induced unfolding. The crystal structure of E65Q was determined. Three important observations were made: (a) there are no structural rearrangements as the result of the substitution; (b) the mutant is more stable than the wild-type; and (c) the stability of the wild-type enzyme shows strong pH dependence, which can be attributed to the ionization of Glu65. Burying of the Glu65 side chain in the uncharged environment of the dimer interface results in a shift in pK a of more than 3 units. The pH-dependent decrease in overall stability is due to weakening of the monomer±monomer interactions (in the dimer). The E65Q substitution causes an increase in stability as the result of the formation of an additional hydrogen bond in each subunit (DDG 8 of 2 kcal´mol 21 per monomer) and the elimination of a charged group in the dimer interface (DDG 8 of at least 9 kcal´mol 21 per dimer). The computated shift in pK a and the stability of the dimer calculated from the charge distribution in the protein structure agree closely with the experimental results.
Burying a titratable group in a protein without an oppositely charged group nearby has been shown to change the pK a value of the charged group substantially [1] . Several examples of pK a shifts being related to the overall stability of proteins have been reported [2±7] .
Leishmania mexicana triose phosphate isomerase (LmTIM) is unique because it contains a substitution in an otherwise conserved sequence (64±66) located at the beginning of loop 3, namely Q65E [8] . In the related trypanosomal TIM (TbTIM) Gln65 is completely buried in the dimer interface and participates in an intersubunit hydrogen-bond network [9±10] . From the crystal structure of LmTIM, it was evident that no major structural rearrangements had taken place in the vicinity of the Glu65 side chain [11] and that Glu65 was protonated. Substituting Glu65 in LmTIM for a Gln yielded a protein with considerably greater thermostability than the wild-type. Moreover, the mutation abolished the pH dependence (pH 5±9) of the thermostability of wild-type LmTIM, indicating that the ionization of Glu65 has a significant impact on the overall stability of the dimer [11] .
The availability of the E65Q mutant and the high-resolution crystal structure of LmTIM provided us with a system that is eminently suited to the study of the effects of the buried glutamic acid residue in a quantitative way. With the use of pH-induced and guanidinium chloride (GdmCl)-induced unfolding which, unlike thermodenaturation, are reversible over a suitable pH range, thermodynamic parameters were obtained which could be used to support a computational approach to estimate the pK a shift and the electrostatic component to the stability of the dimer.
GdmCl-induced unfolding
GdmCl (for biochemistry) was obtained from Merck KgaA (Darmstadt, Germany). GdmCl solutions were made in one of the following buffers (100 mm): citric acid/sodium citrate (pH 3.5), sodium acetate/acetic acid (pH 4.5), sodium acetate/ acetic acid (pH 5.1), Mes (pH 6), triethanolamine (pH 7 and pH 8), glycine (pH 9 and pH 9.5). After dilution in denaturant, the protein was incubated overnight at 20 8C. To ensure reversibility of the unfolding, 10 mm dithiothreitol was added. The fluorescence was measured in a 2-mL quartz cuvette using a Shimadzu RF5000 fluorimeter (Kyoto, Japan). The excitation wavelength was 285 nm; emission maxima were 330 nm for the native protein and 355 nm for the unfolded protein. In the analysis of the unfolding curves, the change in fluorescence at 330 nm was used as a measure of the fraction of the unfolded form. The fluorescence spectra of the wild-type and the mutant were identical and independent of pH. GdmCl-induced unfolding was also measured simultaneously by CD spectrometry (222 nm) and fluorescence (10 mm borate buffer, pH 7.5, 7.6 mm protein). The data were analysed with a dimeric two-state linear extrapolation model as described by Backes et al. [13] utilizing grafit (R. J. Leatherbarrow, Erithaus Software Ltd).
CD spectrometry
CD spectra were obtained with a Jasco J-715 spectropolarimeter, using a 0.02-cm or 1.0-cm path-length cuvette for far-UV and near-UV measurements, respectively. Spectra were the average of four scans at a 50-nm´min 21 scan speed. Protein (15 mm) was dialysed against 10 mm phosphate buffer, pH 8.9, containing NaCl (50 or 100 mm). To change the pH value, aliquots of 1±20 mL HCl (0.2 m) were added to 3 mL protein solution, and the new pH value was registered.
Gel filtration
To check the effect of pH on the native protein structure, aliquots of 100 mL protein solution, used for CD experiments, at different pH values were injected on a Superdex 75 HR10/30 column (Amersham Pharmacia Biotech, Uppsala, Sweden) previously equilibrated with the same buffer and pH. The column was eluted at a flow rate of 0.8 mL´min 21 , and the elution profile was recorded using the protein absorbance at 280 nm.
Crystallographic methods
The E65Q variant was crystallized under the same conditions as previously described [11] for the wild-type LmTIM [16% poly(ethylene glycol) 6000, 1 mm EDTA, 1 mm dithiothreitol, 1 mm NaN 3 , 100 mm acetic acid/NaOH buffer, pH 4.5, containing 10 mm 2-phosphoglycolate). The crystals have the same space group and cell dimensions as described for LmTIM. A dataset (2.0 A Ê resolution) was collected from a single crystal, mounted directly from the mother liquor in an X-ray capillary, using Ni-filtered X-rays generated by a rotating anode. The data were collected with a MAR345 mounted on a FR591 Nonius rotating anode and processed with denzo [14] and programs of the CCP4 suite [15] . Model building and structure analysis was carried out with o [16] . The structure was refined with refmac [17] to a model with good geometry with an R-factor of 15.3%. A full list of the parameters of the X-ray crystallographic experiments is shown in Table 1 .
pK a calculations
The crystal structure of LmTIM (PDB entry 1AMK) was used as input co-ordinates for both the monomeric form and the dimeric form of the enzyme. In the monomeric form, the rotamer of Glu65 was changed slightly to make it occupy a more solvent-exposed position, as dissociation of the dimer is expected to make Glu65 more flexible. The dimeric form of LmTIM was created from the 1AMK structure by applying the appropriate symmetry transformations using the what if program [19] . The hydrogen-bond network of both the monomeric form and the dimeric form was optimized using the method of Hooft et al. [20] in order to prevent incorrectly positioned His, Asn and Gln side chains from influencing the pK a calculations [21] . pK a calculations were carried out with the pK a calculation routines in what if [19±21] . The following parameters were used: number of PBE runs for focusing, 4; interior dielectric constant, 8; exterior dielectric constant, 80; ionic strength, 144 mm; ion radius, 2.0 A Ê ; solvent probe radius, 1.4 A Ê . Titratable groups included in the pK a calculations were: N-terminus, Asp, Cys, Glu, His, Lys, Arg, Tyr and the C-terminus. Only the transition from neutral to positively charged was included for histidines.
Calculation of the pH dependence of dimer stability
Tanford [22] derived the basic equations for the pH dependence of protein stability, and the field has been developed by several excellent papers [22±25,]. According to Tanford [22] the electrostatic contribution to the change in stability of a protein as function of pH is given by:
a H 1 is the activity of protons in solution, Z F and Z U are the charge of the folded and the unfolded form of the protein, respectively. Integration of the equation yields [23] :
where DDG fold is the free energy change in folding due to electrostatics from pH 1 to pH 2 . We used the charge on the dimer and the charge on two isolated monomers to calculate the DDG of dimer formation. All charges for these calculations were derived from the pK a values produced by the pK a calculations.
R E S U L T S
Crystal structure of E65Q
The crystal structure of the E65Q mutant showed that, as in TbTIM, the Gln65 side chain was completely buried at the dimer interface. There were essentially no structural changes between LmTIM and the E65Q mutant, including the water structure near the Gln65 side chain (Fig. 1 ). The Gln65 side chain was in an optimal hydrogen-bonding scheme. The NE2 protons were engaged in hydrogen bonds to O(Lys13) of loop 1 and O(Ala42) of loop 2 of the same subunit. These hydrogen bonds are present in all other TIM structures, except LmTIM [11] .
GdmCl-induced unfolding of LmTIM and E65Q
Between pH 4 and 8, unfolding curves of LmTIM and the E65Q mutant were steep, symmetrical and did not show any identifiable spectral intermediates. The midpoint of unfolding and the GdmCl dependence of the unfolding constant were the same with fluorescence (sensitive to both tertiary-structure and secondary-stucture changes) and CD spectrometry (sensitive to secondary-structure changes) (Fig. 2) . Therefore, it seemed appropriate to analyse the data with a two-state transition model in which the dimeric native protein is in equilibrium with the unfolded monomers. Two experimental parameters were obtained from this type of analysis: the mid-point GdmCl concentration of unfolding (C m ), and the m factor ( Table 2 ). The parameter m describes the dependence of the standard Gibbs free energy change of unfolding (DG U 8) on the GdmCl concentration in a linear extrapolation model (m dDG U 8/d [GdmCl] ) and can be used to calculate the standard free energy change of unfolding in water (± DG U 8(H 2 O) mC m 1 RT lnP t ). For a dimeric twostate equilibrium model, the C m increases with the total protein concentration (expressed as monomers in P t ), and the magnitude of the increase critically depends on m. Using the average m value of Table 2 , a factor of 25 in protein concentration should cause an increase in C m of 0.4 m, which is close to the observed value of 0.28 m at pH 7.5. Unfortunately, these differences are also comparable with the experimental error in the GdmCl dilutions. The midpoint GdmCl concentration of both the wild-type and the mutant was influenced by one or more ionization events at low pH. Wild-type LmTIM, but not E65Q, stability was also determined by the titration of a group at high pH values.
The unfolding curves of the wild-type became biphasic at pH values above 8.8, displaying two transitions (Fig. 3A) . The C m of the first transition increased with increasing protein concentration, indicating dissociation of the dimer. The second transition was not dependent on protein concentration (unfolding of the monomers).
At pH values below 4, a similar biphasic unfolding curve was observed for both wild-type and E65Q (Fig. 3B) . The wild-type dimer was less stable than the mutant even at low pH. The unfolding curves of the monomeric forms were identical.
pK a and stability calculations
The pK a values for the monomeric and dimeric form of LmTIM were calculated as described in Materials and methods. The size of the protein dielectric constant used in pK a calculations has been a matter of debate for several years. Classically a value of 4.0 was used, but Antosiewicz and coworkers [26] showed that a value of 20.0 gave a significant improvement in the correlation with experimental values. Recently Sham et al. [27] argued that the value of the dielectric constant used in pK a calculations should reflect not only the`true' dielectric constant of the protein (which is not uniform in a real protein), but also the way that each individual method models the protein flexibility. The what if pK a calculation routines model the flexibility of the hydrogen-bond network. The dielectric constant used should therefore reflect this particular way of modelling the protein flexibility. An extensive optimization procedure showed that a value of 8.0 for the protein dielectric constant gave the best agreement between experimental and calculated pK a values for a set consisting of 124 titratable groups in nine different proteins. The value of the ionic strength has very little influence on the calculated results. It was set at the`standard' value of 144 mm for proteins under physiological conditions. None of the parameters were optimized specifically for the protein used in this study. In the LmTIM dimer, the pK a of Glu65 was 9.96 whereas for the monomer a value of 6.34 was obtained. pK a calculations were performed for both the dimer and the monomer of wild-type LmTIM and E65Q. The The numbers in bold are the distances (in A Ê ) between the specified atoms of the Gln65 side chain as they occur in the crystal structure of E65Q (PDB entry 1QDS). The equivalent contacts in LmTIM (PDB entry 1AMK) are listed below the E65Q distances in italics. The labels Glu65 and OE2 refer to LmTIM. The asterisk indicates the residue from the partner subunit.
full sets of pK a values were then used to calculate the change in dimer stability as a function of pH (Fig. 4) . The calculations predicted that the E65Q mutation changed the ionization behavior of several residues nearby. Most groups influenced by the mutation, however, did not titrate between pH 4.0 and 8.0, and therefore most of the change in stability at these pH values could be attributed to the different pK a of Glu65 in the monomer and the dimer.
Effect of pH on dimer stability
To investigate the pH dependence of the dimer stability, CD spectrometry was used, which provides information not only on changes in the tryptophan environments (in the near-UV region) but also on changes in secondary structure (in the far-UV). Figure 5 shows the CD spectra of LmTIM and E65Q at alkaline and acidic pH. The signal for the near-UV disappeared completely at acidic pH, indicating a large change in the tryptophan environment. In the far-UV, quite a large signal was conserved, corresponding to a decrease in a-helix content from 49% to 28% when the pH was lowered from 8.9 to 1.8 (the 1AMK crystal structure had an a-helix content of 43%). These results are in agreement with the possible formation of a molten globule-like structure at low pH. The formation of multiple states with residual structure by acid denaturation is not uncommon [28] . Such states may escape detection because they often exhibit gradual rather than co-operative transitions.
For both proteins, LmTIM and E65Q, there was a sharp transition between pH 3.5 and 2.5 in the ellipticity values at 274 nm and 222 nm (data not shown). The slope of the transition was larger for the mutant than for the wild-type protein, and the mid-point was somewhat lower (pH 2.8 in near-UV and pH 2.7 in far-UV for the E65Q mutant, and pH 3.0 and 2.8, respectively, for wild-type), indicating a more stable structure for the mutant at acidic pH. There was a small gradual decrease in ellipticity between pH 6 and 3.5, before the sharp transition, which was due to partial dissociation of the dimer, as confirmed by gel filtration ( Table 3) . As the dimer dissociated, part of the monomer population tended to 
GdmCl-induced unfolding of MonoTIM-SS
The question of whether the intermediate observed in unfolding curves such as shown in Fig. 3 represented a folded LmTIM subunit was addressed by investigating the GdmCl-induced unfolding of a stable monomeric TbTIM variant, MonoTIM-SS. This variant was obtained by replacing the 15 residues of loop 3 with a new eight-residue sequence. In addition, two hydrophobic surface residues, Phe45 and Val46, were replaced by serines [12] . The overall structures of MonoTIM-SS and the LmTIM monomer are very similar; the number and position of the tryptophans are identical. A In conditions where two peaks appeared in the elution profiles they are marked with (1) and (2) . The first peak is eluted close to the void volume and indicates aggregation. The second peak never reaches the value expected for the monomer and indicates an equilibrium mixture of monomers and dimers.
b The signal at pH 7.38 was taken as 100%. 
D I S C U S S I O N

Interpretation of the unfolding curves
It has been shown that for monomeric globular proteins, the value of m correlates linearly with accessible surface area change (DASA) on unfolding [32] . LmTIM is composed of two polypeptide chains of 250 residues. From the crystal structure, it was calculated that unfolding of the dimer is accompanied with a DASA of 58 321 A Ê 2 [33] , hence the m value should fall in the 11 480±14 000 cal´mol 21´m21 range, while the experimental m values in Table 2 were around 4500 cal´mol 21´m21 . For the LmTIM and MonoTIM-SS monomers, m should be 5000±7000, whereas much smaller values around 2000 cal´mol 21´m21 were obtained. The differences between the predicted and observed values are too high to be explained by experimental and estimation errors. Urea-induced unfolding of recombinant human TIM also yielded an m value much lower than predicted by the correlation (1700 vs. 6700 cal´mol 21´m21 ) [34] . There is some evidence in the literature for monomeric folding intermediates of TIM from a variety of sources [30, 31, 34, 35] . This also seemed to be the case for LmTIM at the extremes of the pH profile. However, at neutral pH there was no evidence for an intermediate to explain the low m values. The discrepancy may also follow from the inherent properties of the TIM barrel, which is rather large and complex, or from the properties of the unfolded form, which may have residual structure and has a tendency to form aggregates.
Interpretation of the pH dependence of the stability
The ionization of Glu65 causes the pH dependence of the stability in LmTIM. The ionization occurs in all the protein forms present in equilibrium: the native dimer (D6D 2 2 1 2H 1 ), the folded monomers (M6M 2 1 H 1 ) and the unfolded monomers (U6U 2 1 H 1 ). The equilibrium 
where the prime refers to the deprotonated state of Glu65. In the pH 4±9 region, the prevalent form is the native dimer. In GdmCl, the native dimer may unfold directly into unfolded monomers. Protonated and ionized forms are in equilibrium with each other as dictated by their acid ionization constants. Because of the thermodynamic cycles shown above, the ratio of the ionization constants for Glu65 in the native dimer and the folded monomer can be related to the ratio of the dimerization constants K DIM and K H DIM , i.e. the dimer±monomer equilibrium shows pH dependence:
Similarly, when there is a difference in pK a between the native dimer and the unfolded monomer, the stability will be affected by pH.
The expressions for the pH dependence of the dimerization constant and the unfolding equilibrium constants can easily be derived:
Consequently it is possible to express the standard Gibbs energy change of the reaction as the sum of the standard Gibbs energy change at infinite [H
1
] and a term describing the pH dependence.
The expressions for the difference in free energy change due to protonation of Glu65 are:
The curve described by Eqn (3) (or Eqn 4) is sigmoidal in shape, with the the pK a (Glu65) in the monomer (or unfolded form) located left of the inflexion point, where the K U has just started to change, and the pK a of the dimer located at the right, where the K U starts to level off again. Because there are ionizations other than Glu65 influencing the stability of LmTIM between pH 3 and 6, the actual pH profile is bellshaped. The ionization of Glu65 in the (unfolded) monomer determines the right part of the bell-shaped curve. The pK a of Glu65 influencing the C m was not 4.5, as would be expected for a glutamic acid side chain in a random peptide, but at least 6 (Fig. 4) . The transition monitored by the fluorescence measurements therefore must be the dissociation of the dimer into a monomeric intermediate with significant residual structure. The ionization of Glu65 in the dimer is experimentally not easily accessible because the two-state unfolding assumption breaks down at high pH. Its pK a must be 8.5 or higher. This corresponds well to the calculated difference of 3.62, giving a DDG 8 DIM around 9 kcal´mol 21 . From the experimetal values in Table 2 , we concluded that DDG 8 U,D must be at least the difference in standard free energy change of unfolding between pH 5.8 and 8.2, i.e. 9.5 kcal´mol 21 .
Effect of restoring the optimal hydrogen-bond pattern of residue 65 by the E65Q mutation
The re-introduction of the hydrogen bond between NE2(Gln65) and O(Ala42) in E65Q increased the overall stability of the protein.
The difference in C m of 0.7±1 m observed between the wild-type and E65Q at pH 4±6 relates to the DDG 8 of the replacement of a Van der Waals contact by a hydrogen bond (Fig. 1 . As no effect was observed on the stability of the monomer, it must be concluded that the effect is on the strength of the intersubunit interactions. This is remarkable as the hydrogen bond that is re-introduced by the mutation is within its own subunit. The only intersubunit hydrogen bond of the Glu65 side chain is with the main chain nitrogen of Gly76, and it is present in both the wild-type and mutant crystal structures. To solve this paradox, it must be assumed that the hydrogen bond between NE2(Gln65) and O(Ala42) is not formed in the monomeric intermediate observed in the unfolding experiments. Indeed, the particular structural environment of residue 65 observed in the crystal structures may only arise when the subunits associate. In the crystal structures of monomeric variants (such as MonoTIM-SS), the hydrogen-bonding of the Gln65 side chain is very different from that of the wild-type: OE1(Gln65) has no hydrogenbonding partner and NE2(Gln65) is hydrogen bonded to O(Trp12) and OD1(Asn11) [12, 42] .
Effect of burying a glutamic acid side chain in the dimer interface
The DDG 8 DIM of 9 kcal´mol 21 is a significant difference, comparable with the Gibbs free energy changes found for the unfolding of monomeric proteins. The conformational stability of dimeric proteins (10±30 kcal´mol 21 ) is significantly higher than for monomeric proteins because of the contribution of quaternary interactions, and in some cases this contribution is close to 100% [43, 44] . The free energy change associated with the quaternary interactions in the E65Q dimer provides most of the stability of the protein, at least 20 kcal´mol 21 , assuming that the stability of the monomers is of the order 3 kcal´mol 21 each (Table 2 ). An important conclusion of this paper is that the penalty for burying Glu65 is weakening of the intersubunit interactions.
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